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SYMBOLS 

A fuel-block surface area covered by diodes, sq cm 

f r a c t i o n  of f u e l  block surface a rea  covered by diodes Ac& 

AS t o t a l  fuel-block surface area, sq cm 

D f u e l  block diameter, cm 

L/'D length-to-diameter r a t i o  01 L e i  'oiocli 

e l e c t r i c a l  output power, W 

diode e l e c t r i c a l  -output power density,  W/cm2 pc 

Qin  heat generated by f u e l  block, W 

heat l o s t  through thermal insu la t ion ,  W Qloss 

%os s 

% 

heat l o s t  through thermal insulat ion per uni t  area,  W/cm 2 

e f f e c t i v e  fuel-block-volume power dens i ty  (thermal power * 

of f u e l  b lock/ to ta l  f u e l  block volume), W/cc 

qd diode e f f ic iency  

generator e f f ic iency  
'Ig 

Introduction 

The radioisotope thermionic power generation system appears t o  be 

very a t t r a c t i v e  f o r  many space power appl icat ions because of i t s  p o t e n t i a l l y  

high eff ic iency,  high heat-rejection temperatures, and compact s ize .  I n  

the  design of such a system t h e r  are a number of parameters which must be 
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considered. For example, t he  type of radioisotope used, the diode opera- ' 

t i n g  temperatures, t h e  f u e l  block geometry, and t h e  manner i n  which t h e  

diodes are posit ioned around t h e  f u e l  block are  a l l  design var iab les  within, 

of course, ce r t a in  physical constraints .  The r e s u l t s  of a parametric 

analysis  are  presented i n  which t h e  e f f e c t s  of these  design var iab les  On 

system performance, pa r t i cu la r ly  eff ic iency,  are pointed out. Cooling t h e  

system by d i r e c t  rad ia t ion  t o  space i s  then discussed. 

spec i f i c  weight ca lcu la t ions  a re  presented f o r  a range of design var iables .  

Final ly ,  system 

Parametric Analysis 

A schematic diagram of t h e  type of power system analyzed i s  shown i n  

Fig. 1. The system i s  i n t e r n a l l y  fueled with t h e  radioisotopic  f u e l  encapsu- 

l a t ed  i n  a cy l ind r i ca l  block. 

t h e  lateral  surfaces  of the f u e l  block. 

e l e c t r i c a l  output power and t h e  e f f ec t ive  volume power dens i ty  of t h e  fue l  

block, the  diodes might be mounted facing t h e  f l a t  ends of t h e  f u e l  block 

or  perhaps a s ingle  cy l ind r i ca l  diode might be used. 

r a t ions  it w a s  assumed t h a t  t h e  heat would be t r ans fe r r ed  from the  f u e l  

block t o  the thermionic converters by rad ia t ion ,  thus allowing series and 

p a r a l l e l  e l e c t r i c a l  connections. Stacked fo i l - type  in su la t ion  i s  used t o  

thermally shield the  fuel-block surface area not  r ad ia t ing  d i r e c t l y  t o  t h e  

diodes. 

generator s h e l l  where it i s  radiated d i r e c t l y  t o  space. 

are required t o  augment t h e  hea t - re jec t ion  capab i l i t y  of t h e  s h e l l .  

I n  the  f igure ,  planar diodes are shown fac ing  

However, depending on t h e  system 

I n  multi-diode configu- 

Waste heat i s  conducted through t h e  diode support s t ruc tu re  t o  t h e  

I n  some cases,  f i n s  

The system heat flow i s  shown i n  Fig. 2. The thermal input  t o  t h e  

system, which was f ixed a t  5000 W f o r  t h e  parametric ana lys i s ,  i s  provided 



3 

' by the  decay of the radioisotope fue l .  

block t o  the  thermionic diodes where a port ion of it is converted i n t o  e l e c t r i c a l  

energy. 

t h e  thermal insulat ion,  must then be r e j e c t e d  from the system. 

Heat i s  t r ans fe r r ed  from t h e  f u e l  

The waste heat from the  converters, as w e l l  as the  heat  l o s t  through 

Per t inent  equations used i n  the  ana lys i s  are presented below. I n  t h e  

f i r s t  equation, t he  hea t  f l u x  avai lable  t o  the  thermionic converters is 

presented as a funct ion of the  f u e l  block thermal power Qin, hea t  l o s t  

through the in su la t ion  

covered by converters A,. 

Qloss, and the surface a rea  of the f u e l  block 

Available hea t  f l u x  = (ain - Qloss)/Ac (1) 

The hea t  f l u x  required by the  converters i s  then presented as a funct ion 

of t he  e l e c t r i c a l  power densi ty  pc and the  diode e f f ic iency  vd. 

Required heat f l u x  = pc/vd ( 2 )  

These heat f luxes  must then be matched by varying the  amount of f u e l  block 

a rea  covered by the  diodes. 

A,/As 

The allowable diode f r a c t i o n a l  area coverage 

is determined from the  following equation. 

The e l e c t r i c a l  output power of t h e  system 

e l e c t r i c a l  power densi ty ,  diode f r a c t i o n a l  area coverage, f u e l  block 

diameter D, and the f u e l  block length-to-diameter r a t i o  L/D. 

Po is  then given i n  terms of 

I n  t h e  las t  equation, t he  system ef f ic iency  is presented as the r a t i o  of 

e l e c t r i c a l  output power t o  thermal input power. 
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The design variables considered in the analysis were the effective 

volume power density of the fuel block (defined as the ratio of fuel block 

thermal power to the total fuel block volume), the length to diameter ratio 

of the fuel block, and the diode performance. 

on fractional area coverage, output power, and generator efficiency was 

The effect of these variables 

investigated. 

The range of the design variables considered in the parametric analysis 

is as follows. The effective volume-power density of the fuel block was 

varied up to 10 W/cc. This would include all of the isotopes that appear 

promising f o r  long-time missions. The addition of cladding and internal 

void volume (to allow for helium accumulation from the alpha-emitting 

isotopes) results in a packaged power density much lower than the original 

isotope power density. For example, the power density of an isotopic fuel 

form such as curium-244 oxide can be lowered by a factor of as much as 5 to 7 

in the packaged form(’). The length-to-diameter ratio of the fuel block 

was varied from 0.25 to 10, the limits being fixed mainly by practical 

considerations. The diode emitter temperature was varied between 1600 

and 2000 deg K. 

As pointed out earlier, stacked-foil type thermal insulation was used 

in the study. Heat-loss calculations were based on radiative heat transfer 

between 25 tantalum foils having an emissivity of 0.3. 

data used in the analysis is shown in Fig. 3. These data, generated by the 

The diode performance 

Thermo Electron Engineering Corporation for the Office of Naval Research ( 2 )  

are considered to be representative diode performance. The curves represent 

maximum efficiency data obtained by optimizing the interelectrode spacing 

at each emitter temperature. As shown on the figure, the diode power density 
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var ies  from 1 t o  10 W/sq cm, and t h e  e f f ic iency  va r i e s  from 8 t o  1 6  percent 

over t h e  range of emitter temperatures considered. 

Per t inent  r e s u l t s  of t h e  parametric analysis  are presented i n  Figs. 4 

and 5. I n  Fig. 4, t h e  system eff ic iency i s  shown as a funct ion of f u e l  

block length t o  diameter r a t i o  with both the  emi t te r  temperature and fuel 

block e f f ec t ive  volume power dens i ty  included as parameters. 

emi t te r  temperature of 1600 deg K and a volume power dens i ty  of 0.5 W/cc, 

t he  system e f f i c i ency  exhib i t s  a broad maximum peaking a t  6 percent at. a 

length-to-diameter r a t i o  of 1.0. I n  t h i s  case, t h e  maximum e l e c t r i c a l  

power output of t he  system i s  300 W. 

A t  an 

Increasing e i t h e r  t he  emit ter  temperature o r  t h e  volume power densi ty  

r e s u l t s  i n  improved e f f i c i ency  and a l so  makes the  performance l e s s  dependent 

on t h e  length-to-diameter r a t i o .  A s  shown i n  Fig. 4, a t  an emit ter  temper- 

a tu re  of 1600 deg K, a volume power densi ty  of 10 W/cc r e s u l t s  i n  a maximum 

e f f i c i ency  of 7.5 percent (power output of 375 W(e)). 

emi t t e r  temperature from 1600 t o  1800 deg K a t  a volume power dens i ty  of 

10 W/cc y i e lds  a maximum e f f i c i ency  of 12.0 percent and a power output of 

500 W ( e ) .  

r e s u l t  i n  system e f f i c i e n c i e s  on the  order of 15 percent. 

Increasing t h e  

A f u r t h e r  increase i n  emit ter  temperature t o  2000 deg K would 

Another f a c t o r  t h a t  is  dependent on diode performance, f u e l  block 

volume power density,  and f u e l  block geometry is  the  f r a c t i o n  of t he  fuel 

block surface area which i s  covered by diodes. The diode f rac t iona l -a rea  

coverage i s  presented as a function of f u e l  block length t o  diameter r a t i o  

i n  Fig. 5 ( a )  f o r  an emi t te r  temperature of 1600 deg K and a volume power 

dens i ty  of 0.5 W/cc. 

t h e  t o t a l  f u e l  block surface a rea  covered by converters. 

The curve labeled l lTotal ' l  represents  t h e  f r ac t ion  of 

The t o t a l  coverage 
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reaches a maximum of about 10 percent at a length-to-diameter ratio of 1.0. ' 

If the diodes were mounted only on the lateral surface of the fuel block, 

the curve labeled "Lateral" would represent the fraction of lateral surface 

area covered by converters, which, as shown, remains relatively low over 

the range of length-to-diameter ratios considered. If, on the other hand, 

diodes were mounted only on the ends of the fuel block, as in the SNAP-13 

system, the curves labeled "End" wodd represent the fraction of the fuel- 

block end area covered by converters. The end coverage increases rapidly 

with increasing length-to-diameter ratio; complete coverage being reached 

at a length-to-diameter ratio of 7.5. In this case an end-mounted configura- 

tion having a length-to-diameter ratio greater than 7.5 could not be built. 

At a fixed emitter temperature, increasing the fuel block effective 

volume power density results in increased fractional area coverage; however, 

area coverages become so large, particularly at the lower emitter tempera- 

tures,that the fuel block length to diameter ratio range which can be con- 

sidered -is significantly reduced. For example, at an emitter temperature 

of 1600 deg K and a volume power density of 10 W/cc (fig. 5(a)), the total 

coverage reaches a maximum of 92 percent. Calculated values for fractional 

coverage of the fuel block ends exceeded 1.0 over the entire length-to- 

diameter-ratio range, while the lateral fractional area coverage is complete 

at a length-to-diameter ratio of 2.2. 

If -the emitter temperature is increased, the fractional coverages are 

reduced as seen by comparing Figs. 5(b) and (e). In Fig. 5(c), fractional 

coverages are presented for a volume power density of 10 W/cc and an emitter 
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t 

temperature of 1800 deg K. In t h i s  case, the ; total  coverage maximizes a t  

32 percent and t h e  l a t e r a l  coverage reaches 75 percent.  Again, however, 

t he  length-to-diameter-ratio range f o r  t he  end mounted configurat ions i s  

qui te  r e s t r i c t e d  with end coverage becoming complete a t  a length-to-diameter 

r a t i o  of about 1.0. 

The t rends displayed i n  the  parametric ana lys i s  would be similar 

regard less  of t he  input power l e v e l ,  but  it should be pointed out t h a t  t he  

absolute  value of system performance is  dependent on input  power l e v e l .  

I n  Fig. 6, t h e  system ef f ic iency  is  presented as a funct ion of thermal 

input power with the  f u e l  block e f f ec t ive  volume power densi ty  as a parame- 

t e r .  The system performance i s  qui te  dependent on input  power a t  the  lower 

volume power dens i t i e s ,  b u t  as the volume power dens i t i e s  increase the  

dependence is  reduced. For example, i n  covering an input power range of 

5000 t o  25 000 W, a 2 0  percent increase i n  system ef f ic iency  i s  r ea l i zed  

a t  t he  0.5 W/cc volume power-density l eve l ,  while a t  the  5 W/cc l e v e l  an 

increase  of l e s s  than 10 percent is r ea l i zed .  The t r end  of increasing 

e f f ic iency  with increasing input power l e v e l  r e s u l t s  from the  f a c t  that 

as input  power l e v e l  increases  the  r a t i o  of t he  heat  l o s t  t o  t o t a l  input  

power Qlas s /&in decreases.  

Heat Rejection Considerations 

I n  the  construct ion of a p r a c t i c a l  generator there  are a number of 

considerat ions,  i n  addi t ion  t o  the  parametric var iab les  discussed above, 

t h a t  inf luence t h e  design. One of the more important of these considera- 

t i o n s  i s  hea t  r e j ec t ion .  Even though the  heat  r e j e c t i o n  temperatures of 

thermionic systems a r e  high, the  cooling problem is  not necessar i ly  
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eliminated. 

from severa l  square f e e t  per k i lowat t  ( e l e c t r i c )  a t  t h e  higher emit ter  

temperatures t o  perhaps 20  sq  ft/kW(e) a t  lower emit ter  temperatures. 

However, because the  generator and hea t  source a r e  qu i t e  compact, i n  many 

instances f i n s ,  with t h e i r  assoc ia ted  weight pena l t ies ,  w i l l  be required 

t o  cool  t h e  systems. 

The prime r ad ia to r  a rea  requirements fo r  these  systems vary 

The necessi ty  f o r  f i n s  i s  i l l u s t r a t e d  i n  Fig. 7, where a comparison of 

t he  amount of heat  which can be r ad ia t ed  from the  generator s h e l l  

t o  t he  t o t a l  amount of heat  that must be r e j ec t ed  from the system 

presented as a funct ion of f u e l  block length  t o  diam.eter r a t i o .  

considered i s  one i n  which the  emi t te r  temperature i s  1600 deg K and the  

thermal input i s  5000 W .  Values of l e s s  than one f o r  t h e  hea t  r e j e c t i o n  

r a t i o  QCap/Sej 
re jec t ion  capab i l i t y  of t he  generator s h e l l .  

r a t i o n s  (shown by t h e  s o l i d  l i n e s )  a t  t h e  lower volume power dens i t i e s  

t he  hea t  can be r e j ec t ed  solely by the  s h e l l ;  f o r  example, a t  a volume 

power densi ty  of 0.5 W/cc length-to-diameter r a t i o s  of 1.5 or grea te r  w i l l  

y i e l d  systems which can be cooled without t h e  addi t ion  of r a d i a t o r  f i n s .  

A s  t he  volume power densi ty  increases ,  t h e  systems become more compact and 

the  generator s h e l l  a rea  i s  reduced. 

hea t  which can be r e j ec t ed  from the  s h e l l  decreases u n t i l ,  a t  a volume 

power densi ty  of 10 W/cc, f inning would be requi red  over t he  e n t i r e  range 

of length-to-diameter r a t i o s  considered. 

(shown by t h e  dashed l i n e s )  t h e  t r end  wi th  the  length-to-diameter r a t i o  i s  

reversed; that i s ,  as the length-to-diameter r a t i o  decreases the  heat 

r e j e c t i o n  capab i l i t y  of t he  s h e l l  increases .  However, length-to-diameter 

Qcap 

%ej 

The case 

is 

ind ica te  that f i n s  must 3e added t o  augment the  heat-  

For t he  side-mounted configu- 

Consequently, t he  amount of waste 

For t he  end mounted configurat ion 
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r a t i o s  of 0.1 or l e s s  a re  required t o  y i e ld  end-mounted systems which do 

not requi re  f i n s .  

Spec i f ic  Weight Calculations 

Before discussing t h e  r e s u l t s  of the  system weight ca lcu la t ions  it 

would be he lpfu l  t o  r e f e r  t o  Fig. 1 again and consider t he  materials t h a t  

might be used i n  a design of t h i s  type. A t  thermionic operating tempera- 

t u r e s  t h e  f u e l  block would most probably be constructed from tungsten o r  

one of i t s  high-temperature a l loys .  

i n  t h i s  ana lys i s  were based on t h e  r e s u l t s  of a previous study conducted 

a t  t h e  L e w i s  Research Center(’). In t e rna l  void volumes were included t o  

allow for helium accumulation from alpha-emitting isotopes.  The thermal 

in su la t ion  w a s  discussed earlier. Molybdenum w a s  se lec ted  f o r  t h e  diode 

support s t r u c t u r e  because of i t s  high thermal conductivity t o  weight r a t i o  

a t  t h e  heat r e j ec t ion  temperatures. 

s h e l l  would be the primary containment vessel ;  therefore ,  a high s t rength ,  

oxidation r e s i s t a n t  a l loy ,  such as Haynes 25 o r  Rend 41, would be an 

appropriate  construct ion mater ia l .  Beryllium was se lec ted  as t h e  material 

f o r  t h e  tapered r ad ia to r  f i n s ;  t h e  choice again being made on t h e  b a s i s  of 

a high thermal conductivity t o  weight r a t i o .  The surfaces  of t h e  f i n s  and 

generator s h e l l  would be t r ea t ed  t o  provide a high emissivity.  The system 

weight estimates do not include nuclear shielding or  ab la t ive  heat  sh ie ld ing  

which would be required t o  pro tec t  the system during reentry.  Preliminary 

ca lcu la t ions  f o r  s ide  mounted configurations ind ica te  t h a t  t h e  addi t ion  of 

r een t ry  heat  sh ie ld ing  could increase t h e  weights presented by  a f a c t o r  of 

50 t o  100 percent. 

The fuel-block weight es t imates  used 

In  a design of t h i s  type t h e  generator 

In  Fig. 8, t he  system spec i f i c  weight i n  lbs/kW(e) i s  
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presented as a f'unction of volume power densi ty  for a configuration i n  

which the  diodes a r e  posit ioned around the  l a t e r a l  surface a rea  of t he  

f u e l  block. 

The emit ter  temperature i n  t h i s  case i s  1630 deg K and t h e  output power 

is  250 W .  

represents  the  t o t a l  system spec i f i c  weight, and the  other  s e t  (shown 

by dashed l i n e s )  represents  the  t o t a l  of' a l l  component weights with the  

exception of the r ad ia to r  f i n  weights. 

of these two s e t s  of curves i s  the  weight penal ty  assoc ia ted  with the  

r ad ia to r  f i n s .  

of pounds per ki lowatt  are i r cu r red .  The weights with f i n  weight excluded 

a r e  as expected; the  weights decrease with i r c reas ing  volume power dens i ty  

due t o  increasing e f f ic iency .  In t h i s  case,  t he  e f f e c t  of t he  length-to- 

diameter r a t i o  is  not pronounced, bu t  when t o t a l  system weights a r e  con- 

s idered the length-to-diameter r a t i o  i s  an  important f a c t o r .  

Fig. 

r a t i o  of 3 and an e f f ec t ive  volume power dens i ty  of approximately 4 W/cc. 

The e f f e c t  of output power on system weight can be seen i n  Fig.  9 

* 

Here f u e l  block geometry has been considered as a parameter. 

Two sets of weights a r e  presented; one s e t  (shown i n  s o l i d  l i n e s )  

Thds, t he  d i f fe rence  i n  t h e  l e v e l  

It car- be seen t h a t  i n  maay cases pena l t ies  of hundreds 

As  shown on 

8 a minimum i n  system weight i s  a t t a i n e d  a t  a length-to-diameter 

again, f o r  an emit ter  temperature of 1600 deg K. Here, a case with a 

length-to-diameter r a t i o  of 1 is  considered, and the curves are terminated 

a t  a poin t  where the  f r a c t i o n a l  area coverage becomes complete. 

t ioned previously, t h e  absolute  value of system ef f ic iency  increases  as 

the  output power increases  and one would normally expect t h e  higher powered 

systems t o  weigh l e s s  than the  lower powered 09es. 

l e v e l  increases,  the  systems become nore compact and a t  t h i s  emi t te r  temper- 

a t u r e  the  increasirg f i n  weights cause the curves t o  c ross  over. The 

A s  men- 

However, as t h e  power 
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spec i f i c  weight f o r  t h e  250 W system is  seen t o  be severa l  hundred pounds 

per ki lowatt  lower than t h a t  f o r  t h e  1000 W system at  the higher volume 

power dens i t ies .  

The need f o r  heat r e j ec t ion  augmentation decreases with increasing 

emi t te r  temperature and a t  emi t te r  temperatures on t h e  order of 1800 deg K 

and above the  higher powered systems exh ib i t  t h e  an t ic ipa ted  weight 

advantage; t h a t  is ,  a t  t h e  higher output power l eve l s  t h e  increased e f f i c i ency  

becomes t h e  dominant f a c t o r  and t h e  h ig l e r  powered systems d isp lay  lower 

s p e c i f i c  weights. 

The e f f e c t  of emit ter  temperature on system weight can be seen i n  

Fig. 10 f o r  an output power of 250 W. A s  shown, subs t an t i a l  weight savings 

a r e  r ea l i zed  by increasing the  emitter temperature from 1600 t o  1800 deg K. 

The weight reduction i s  due t o  a combination of improved diode performance 

a t  t h e  higher emi t te r  temperature and t h e  f a c t  t h a t  f inn ing  i s  no longer 

required t o  augment the  heat  rejec%ion from t h e  generator s h e l l ,  

par ing system performance a t  1800 and 2000 deg K it i s  seen t h a t  once f i n s  

are no longer needed, r e l a t i v e l y  l i t t l e  i s  gained by fu r the r  increasing t h e  

emi t te r  temperature. In  addi t ion,  a t  emi t te r  temperatures of 1800 deg K 

and above, t h e  system weight does not exh ib i t  a minimum with increasing 

volume power density;  the  spec i f i c  weight decreasing continuously with 

increasifig power density.  

block power dens i t i e s  of severa l  watts per cubic centimeter a r e  required t o  

achieve system spec i f i c  weights of severa l  hundred pourids per ki lowatt  

( e l e c t r i c ) .  

I n  com- 

A t  the  higher emi t te r  temperatures e f fec t ive  fuel  
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Concluding Remarks 0 

The parametric analysis showed that at the lower fuel block power 

densities the system efficiency maximizes at a fuel block length-to- 

diameter ratio of 1, while at the higher volume power densities the 

performance becomes rather insensitive to length-to-diameter ratio. 

was also determined that, in some instances, the required converter 

fractional-area coverage may impose limitations on the design of radio- 

isotope thermionic systems. 

It 

From the heat rejection standpoint, the analysis showed that there 

is a strong incentive particularly at the lower emitter temperatures 

to design a side-mounted system for the highest practical length-to- 

diameter ratio (the reverse is true for the end-mounted system). 

a side-mounted configuration, if both system efficiency and heat rejection 

are considered, a minimum in system specific weight may be expected at 

some intermediate length-to-diameter ratio (i. e., between 1.0 and 10.0). 

Such a minimim was observed at an emitter temperature of 1600 deg K. 

However, as the emitter temperature is increased, the system performance 

and weight become less dependent on fuel block geometry. 

For 

In regard to performance level, emitter temperatures of 1800 de@; K 

or higher and effective fuel-block volume-power densities of several watts 

per cubic centimeter are required to achieve system specific weights as 

low as several hundred pounds per kilowatt (electric). 

REFERENCES 

1. English, R., et al.: Study of Radioisotope Solution for Space Power 

Systems. ( T o  be published) 



13 

2 .  K i t r i l a k i s ,  S. S., Meeker, M. E., and Rasor, N .  S.: Annual Technical 

Summary Report f o r  the Thermionic Emitter Materials Research Program. 

Rept. N o .  2-63 (TEE 4015-3), July 1, 1961-June 30, 1962, Thermo 

Electron Eng. Corp., 1962. 



Foil-type thermal 
I _,,’ insulat ion 
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Figure 2. - Energy flow diagram. 
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System weights 

- Including radiator weights --- Excluding radiator weights 

Fuel-block effective power density, Wlcc 

Figure 8. - System specificweight as funct ion of fuel- 
block effective volume-payer density. Side-mounted 
diodes, TE = 1600" K, Po = 250 W. 

100 

Fuel-block effective paver density, Wlcc 

Figure 9. - System specific weight as funct ion of fuel- 
block effective volume-power density. Side-mounted 
diodes, TE = 1600" K, length-to-diameter rat io = 1.0. 
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Figure 10. - System specific weight as funct ion of fuel- 
block effective volume-pmer density. Side-mounted 
diodes, Po = 250 W, length-to-diameter rat io = 1.0. 
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